In the laboratory, environmental enrichment (EE) is used as a protocol to understand the functional, behavioral and molecular mechanisms that underlie neural plasticity (van Praag et al., 2000; Sale et al., 2014). In addition, it is utilized to provide supplementary resources to animals in order to maintain their well-being and to preserve the scientific validity of the study at hand (see <http://www.nap.edu/catalog/12910/guide-for-the-care-and-use-of-laboratory-animals-eighth>). Generally, EE is designed using a multifactorial approach incorporating novelty (*e.g*., alternating toys and locations of objects within the cage) alongside opportunities for physical activity (*e.g*., increased cage space, running wheels) and social engagement facilitated through group housing; see [**Figure 1**](#F1){ref-type="fig"}. Such refinement of animal housing conditions can reduce stress and stereotyped behaviors (*e.g*., bar-biting, trichotillomania), that may interfere with research endpoints, by decreasing boredom and promoting species typical behaviors such as foraging, burrowing and exploration (Simpson and Kelly, 2011).

![Modest environmental enrichment.\
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Enriched laboratory housing has also been utilized to evaluate its neuroprotective and rehabilitative potential as a translational intervention for complications associated with stroke, Huntington\'s disease, Alzheimer\'s disease, age-related decline, traumatic brain injury (TBI), and even psychological stressors (Sozda et al., 2010; Ke et al., 2011; Branchi et al., 2013; Alwis and Rajan, 2014; Sale et al., 2014). In order to evaluate the 'preventative' effects of EE an animal is reared in this condition prior to the beginning of disease progression, or before encountering a challenge. The purpose is to determine if there is either a delay or inhibition of pathology. The 'rehabilitative' potential of EE is assessed by placing an animal into this housing after the initiation of the pathology, or challenge, to determine if there is a reversal of the associated adverse consequences. The benefits afforded to animals reared in EE suggest that this housing condition is akin to the clinical rehabilitation process. Despite there being a paucity of clinical trials to validate EE in either neuroprotection or recovery following human disease or trauma, it is believed that the cognitive, physical and/or social stimulation that accompany the rehabilitative processes is enriching and advantageous to patients.

Given that the specific components (*i.e*., novelty, physical exercise, social interaction) that make up 'typical' EE housing are not fully understood, animal studies have begun to isolate the contribution of each in the prevention and remediation of stress and disease. For example, communal nesting (a form of social enrichment) increases the resilience of adult male mice against a social stressor. Specifically, animals bred and reared in communal nests were protected from social instability-induced anhedonia and displayed lower plasma corticosterone levels compared to mice reared in standard laboratory housing (Branchi et al., 2013). However, during early-life these mice and their mothers were housed in enrichment together with two additional litters. Therefore, resiliency associated with the environment could be due to changes in maternal behavior, and/or the enhanced care provided by the extra dams. Indeed, EE housing has been shown to alter maternal care (Connors et al., 2015). In another study, controlling for both novelty and social variables, rats that voluntarily ran in wheels had better motor function recovery and increased hippocampal brain-derived neurotrophic factor (BDNF) levels following ischemia compared to forced exercise, involuntary muscle movement, and no-intervention groups (Ke et al., 2011). The associated motor improvements were monitored using the De Ryck\'s behavioral test which evaluates both forepaw and hindlimb proprioceptive and tactile placing, among other forepaw functions. Since many enriched environments include access to running wheels as part of the typical EE protocol, from a mechanistic perspective, it is important to further parse out the individual role of activity versus the other components of enrichment housing in neuroprotection and rehabilitation.

Notably, some elements of EE are reliant on the potentiated interactions between them. Following TBI motor functioning on the beam balance improved more rapidly in rats housed with a combination of social and novel enrichment, compared to rats reared with only the social or novel elements of the housing (Sozda et al., 2010). This combined complex environment also afforded protection against the associated TBI spatial learning deficits, as evaluated behaviorally in the Morris Water Maze. These mature EE animals also had smaller lesion volume three weeks following injury (Sozda et al., 2010). Again, typical complex environments are commonly made up of a conjunction of social, physical and novel enrichment. When evaluating the translational potential of EE future work will need to clarify the contribution of each component, and characterize their interactive natures, to best inform clinical interventions in terms of efficacy and cost. This aside, the success of EE in rescuing the brain from injury is most likely precipitated by the various morphological and molecular changes that underlie neuroplasticity. For example, EE has led to 1) increases in synaptogenesis and synaptic strength, 2) increased cortical thickness and overall brain weight, and 3) cell proliferation and neuronal survival, all of which have been linked to functional enhancement/maintenance of cognitive abilities and behavior (reviewed in Simpson and Kelly, 2011; Alwis and Rajan, 2014; Sale et al., 2014). These effects are promoted and maintained in part by enhanced expression/synthesis of trophic factors such as BDNF, insulin-like growth factor (IGF)-1, nerve growth factor (NGF) and neurotrophin (NT)-3. The dynamic expression of these factors are known to interact with transmitters such as serotonin, GABA, and glutamate in addition to their corresponding receptors/transporters which act as modifiers involved in neuroplasticity (Simpson and Kelly, 2011; Sale et al., 2014). Research suggests that EE is not only able to proliferate and modify new circuits but is able to functionally incorporate these changes into brain areas such as the cortex (Fan et al., 2014). Notably, some EE protocols extend beyond the traditional design and introduce other types of sensorimotor stimulation (*i.e*., olfactory, tactile, auditory, motor; Singhal et al., 2014) which certainly influences numerous changes across the brain.

The protective and neurorehabilitative effects of EE are most often evaluated in response to challenges that occur in later life (*i.e*., adulthood, senescence). Indeed, research looking at cognitive decline in aging has demonstrated that EE limits neurodegeneration in both physiological conditions (Mainardi Di et al., 2014) and in transgenic models of neurodegeneration (Lazarov et al., 2005). However, another research stream has focused this environmental intervention on pediatric and long-term consequences following early-life adversity; a small selection directly relating to neural regeneration/protection and behavior is described below. Notably, psychogenic stressors in the early pre/postnatal period increases the risk for stress-related illness behaviors, such as indicators of depression and anxiety, and cognitive impairments in rats. Rearing under typical EE conditions from postnatal day (PND) 21--60 following maternal separation (180 minutes from PND 2--14) significantly attenuated decreased sucrose preference (an indicator of anhedonia) and reversed memory disruptions (*i.e*., increased latency to locate a platform) in the Morris Water Maze (Hui et al., 2011). N-acetylaspartate (NAA), a marker of neuronal density and synaptic functioning closely associated with tissue glutamate, is decreased following early-life stressors in both humans and animals. Maternally-separated rats that were housed in EE had elevated NAA/creatine levels in the hippocampus that were thought to underlie the restoration of behavioral functioning in adulthood (Hui et al., 2011). Enriched housing has also been shown to reverse reductions in exploratory behavior and associated alterations in gene expression following early-life seizures in Long Evans male rats. Specifically, kainic acid-induced seizures occurring between postnatal days 20--25 were associated with decreased activity in the open field test. This was mirrored by the reduced expression of hippocampal messenger RNAs for the effector immediate early genes *Arc* and *Homer1a*, and the transcription factor *Egr1*. Juvenile rats housed for 10 days in typical EE, rather than standard housing, had significant elevations of each of these genes. Known for their involvement in synaptic plasticity and cell proliferation, increased expression of these genes was associated with recovery of exploratory behavior following injury (Koh et al, 2005). Pediatric TBI is also a focus for EE interventions. Rats housed in an enriched environment had enhanced spatial learning in the Morris Water Maze and a reduced lesion size following a controlled cortical impact received on postnatal day 17. The combination of buspirone (a 5-hydroxytryptamine (serotonin) receptor 1A (5-HT1A) receptor partial agonist/D2 autoreceptor antagonist) and EE resulted in better behavioral performance (*i.e*., faster time to hidden platform and longer percentage of time in target quadrant) in addition to smaller lesion size (Monaco et al., 2014), underscoring the role of combined pharmaceutic and environmental stimulation in facilitating the neuroplasticity of recovery.

Stemming from the evidence that EE can rescue the brain and behavior from early-life adversity we are interested in how the various components of enrichment may prevent and correct the behavioral and neural disruptions that accompany gestational and neonatal inflammatory challenges. A large area of research has focused on early-life infection and its link to schizophrenia and autism following influenza and other viral and bacterial infections (reviewed in Patterson, 2009). In brief, clinical evidence suggests that exposure to inflammation, primarily during the gestational period (*i.e*., maternal immune activation; MIA), increases susceptibility for these neurodevelopmental disorders. Both schizophrenia and autism are characterized by social and cognitive disruptions that are mirrored by early-life exposure to bacterial and viral mimetics during either the fetal or early postnatal period in animals. Moreover, accompanying brain abnormalities include region specific changes in glial fibrillary acidic protein (GFAP), synaptophysin, dopamine and GABA receptor expression, in addition to reductions in Purkinje cell density, reelin, and disrupted neural migration, all of which parallel the pathogenesis of autism and schizophrenia (see Patterson, 2009). Given the recent attention to these inflammation-induced disruptions in brain and behavior, and since research rarely evaluates non-invasive methods to rescue these neurodevelopmental effects, we have adopted early-inflammatory stress models using lipopolysaccharide (LPS) to evaluate the protective and rehabilitative potential of EE in rats. We have demonstrated that MIA on gestational day 11 results in disrupted social interaction in juvenile male, but not female, rats. In addition MIA was associated with elevated corticosterone and reduced glucocorticoid receptor expression in the hippocampus of males. These behavioral and neurophysiological consequences were fully prevented when rats were permanently reared (throughout their fetal period to the end of study) in a complex environment of combined social and novel enrichment. However, our EE conditions did not protect against MIA-induced reductions in hippocampal glutamate, which may account for sustained spatial discrimination impairments observed in these animals (Connors et al., 2014). The sex-specificity of the consequences that followed the MIA are notable given that autism is more commonly diagnosed in males compared to females; although, this could be related to the timing of early-life infection which should be considered. For example, in another study we sought to map out the trajectory of some behavioral and neurophysiological impairments between the juvenile and adult phases of development. In this case, both male and female rats treated as neonates on PND 3 and 5 with LPS had disrupted social interactions at adolescence, but not in adulthood (MacRae et al., 2015). However only male animals had intact spatial memory as juveniles which was impaired at maturity, following neonatal challenge. This is suggestive that the effects of inflammation in the neonatal period may impart a sex-specific risk of developing neurodegenerative processes affecting memory in later life. Again, life-long EE did not prevent spatial impairments but offered some protection against the consequences of inflammation on juvenile social behavior and reductions in glutathione (a marker of oxidative stress) in juvenile prefrontal cortex (MacRae et al., 2015). Preliminary data from our laboratory also suggests that six weeks of EE rearing beginning on PND 50 is unable to reverse the spatial deficits that accompany MIA in male rats, at least in the object-in-place task. However, combined social and novel enrichment, but not social enrichment alone, rescued the inflammatory mediated down regulation of *BDNF* and *Ntrk2* gene expression in the hoppicampus and prefrontal cortex, respectively (Khoury and Kentner, unpublished data). It is likely that inclusion of a running wheel in our EE protocol would better address the persistent spatial deficits that follow early-life inflammation while combined opportunities for social interaction and novelty are sufficient for preventing and rescuing the other behavioral and neurophysiological complications described herein (MacRae et al., 2015; Khoury and Kentner, unpublished data). Indeed, EE conditions that include running wheels have been shown to reverse spatial impairments and reductions in NAA triggered by early-life adversity such as maternal separation (Hui et al., 2011). Moreover, running is sufficient to promote neurogenesis while EE maintains cell survival in dentate gyrus (van Praag, 1999), a structure important for learning and memory. To date, our research has shown that EE offers protection against some consequences of both fetal and neonatal exposure to LPS and a current line of inquiry continues to evaluate the components and mechanisms of EE involved in rehabilitation from MIA.

With respect to its translational potential, EE has been evaluated in autistic children with some success (Woo et al., 2015). Following a randomized sixth-month standard care + sensorimotor enrichment protocol, scores for sensory reactivity, receptive language, and the Autism Diagnostic Observation Schedule (ADOS) showed clinically significant improvements compared to standard care alone. Moreover, EE led to increased Leiter-R scores suggestive of progress in cognitive functions such as visualization and reasoning (Woo et al., 2015). The potential utility of EE in pediatric settings is also evidenced by a randomized clinical trial evaluating motor enrichment/parental engagement interventions in children at risk for cerebral palsy (Morgan et al., 2015). In this small trial, the EE intervention conferred a statistically significant advantage in the Peabody Developmental Motor Scale-2 (PDMS-2), which evaluates fine motor skills, compared to standard care. Larger trials are needed to better assess the clinical impact of this intervention. However, the results of such studies utilizing sensorimotor enrichment components (*e.g*., olfactory, tactile, auditory, cognitive, motor, parental interaction etc; Morgan et al., 2015; Woo et al., 2015) are beginning to provide information that will identify the specific elements of EE that may lead to clinical benefits, and for which populations. Given recent concerns of behavioral and cognitive changes following exposure to bacteria and viruses during pregnancy and the neonatal period, this ongoing research offers some assurance that the environment may be protective and could offer rehabilitative options following early-life exposure to inflammation and other developmental adversities.
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